1. Introduction {#s0005}
===============

Cyclodextrins (CDs) are within the most powerful and versatile ring structures ever known. They could be considered as the molecular level equivalent of the mythical One Ring created in Middle-earth. In this analogy, Villiers played the role of the Dark Lord Sauron, by isolating these cyclic oligosaccharides from the reaction of the enzyme cyclodextrin glycosyltransferase with starch ([@b0180], [@b0775], [@b0845]). Later on, Schardinger, pioneer of CD chemistry, gave a detailed description on their preparation and separation ([@b0255]). More recently, Kurkov and Loftsson ([@b0390]) made relevant contributions to the Ring Community. Despite having been known for more than 120 years, CDs only really took off in the 1980s, when the industrial scale production led to their first applications in the pharmaceutical and food industries. Since then, these rings are amongst the most versatile/multi-functional molecules used in molecular research and chemical applications, playing a relevant role in different fields such as pharmacy, medicine, chemistry, materials design, food or agricultural science ([@b0025], [@b0095], [@b0505]).

CD molecules are known to crystallize as truncated cones ([@b0365], [@b0705]), whose cavity size is determined by the number of glucopyranoside groups (GPUs): 6 (α-CD), 7 (β-CD) or 8 (γ-CD) ([Fig. 1](#f0005){ref-type="fig"} , top). In this conformation, all the secondary hydroxyl groups (attached to the C2 and C3 carbon atoms of the glucose units) are oriented toward the wide edge of the cavity (known as the head of the CD structure), whereas the primary hydroxyls form the narrow entry of the cavity. Such distribution of polar groups determines the specific physicochemical properties of these molecules, including their solubility and their ability to encapsulate hydrophobic groups in their cavity ([@b0380]). As a result, CDs are widely used to increase the solubility, to protect or to reduce the toxicity of a large variety of different molecules including drugs, dyes and surfactant agents. In order to optimize the applications of CDs, their hydroxyl groups are commonly substituted, leading to synthetic derivatives that can be divided in three main groups ([Fig. 1](#f0005){ref-type="fig"}, bottom): non-ionic, such as 2-hydroxypropyl-β-CD (HP-β-CD) or randomly methylated-β-cyclodextrin (RM-β-CD), cationic, such as permethylated propylenediamine-β-CD (PEMPDA-β-CD) and ionic, such as sulfobutylether-β-CD (SBE-β-CD) ([@b0215]).Fig. 1Top: 2D and 3D structures of native α-, β- and γ-CDs. Bottom: General classification of the most common CD derivatives and a visual comparative with the three rings of power for the Elven-kings, the seven for the Dwarf-lords and the nine rings for Mortal Men, from Tolkien's novel.

CDs are biocompatible, they do not generate immune response and they also have low toxicity. Their successful use in inclusion complexes with bioactive compounds has allowed the development of commercially available formulations for oral, parenteral, nasal, pulmonary, and skin delivery of drugs ([@b0010], [@b0175], [@b0405], [@b0460], [@b0465], [@b0920]). These features reveal the power of these versatile ring structures, and enable them, like the Hobbit Frodo Baggins\' neck pendant, to be used as very powerful weapons in the crudest of battles, where viruses become enemies.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel coronavirus that emerged towards the end of 2019 in Wuhan, Hubei Province (People\'s Republic of China) and is responsible for the coronavirus disease 2019 (COVID-19) global pandemic ([@b0170]). Coronaviruses are spherical-like capsules with a diameter of 80--120 nm enclosed by a lipid membrane with encrusted proteins --including the receptors employed to anchor target cells -- that contain basically a single-stranded RNA chain ([Fig. 2](#f0010){ref-type="fig"} ). They have been classified in 4 different lineages that are associated to different species: α-coronavirus, β-coronavirus, δ-coronavirus and γ-coronavirus ([@b0130]). Prior to SARS-CoV-2, six coronaviruses were known to cause diseases in humans, including SARS-CoV and MERS-CoV ([@b0935]). Like them, SARS-CoV-2 is a β-coronavirus.Fig. 2A. Representative structure of SARS-COV-2. B. Proposed mode of action of SARS-COV-2 towards human cells.

Coronaviruses recognize specific receptors in target cells through S proteins on their surface. In the case of SARS-CoV-2 and SARS-CoV the natural receptor is human angiotension-converting enzyme 2 (ACE2). Once the virus enters the cell, an acute infection takes place ([Fig. 2](#f0010){ref-type="fig"}). It has been reported, however, that some attack routes include host cells where the expression level of ACE2 is very low under normal conditions, like for example in the central nervous system (CNS), where they could induce neuronal injury ([@b0065], [@b0430]). This has been recently connected with the possible ability of the virus to use the nicotinic acetylcholine receptor (nAChR) as an alternative anchor port to infect cells ([@b0140]). The most common symptoms of COVID-19 are similar to other coronavirus infections: fever (87.9%), cough (67.7%), fatigue (38.1%) and, to a less extent, diarrhea (3.7%) and vomiting (5.0%) ([@b0290]). To date, no effective and specific therapeutic method can be used to treat patients suffering from SARS-CoV-2 infection. However, due to the high rate of infection and to the global reach of this pandemic, a number of new treatments arising from intensive research in many labs and companies along the world has emerged ([@b0455], [@b0695]).

Although it might appear, *a priori*, that in a war of such magnitude against highly-lethal-to-humans viral enemies, small cyclic and sugary molecules could be of little use, they are revealed as extremely powerful and versatile. In this review, we will analyze the different approaches that have been carried out using CDs till the end of May 2020, both in treatments for COVID-19 and in its containment and prevention. Since hundreds of research labs over the world are focused in this problem it is difficult not to miss some significant contributions, although we hope to include at least some of the most important. Additionally, it is expected that more applications of CDs related to this pandemic will arise at the short term.

1.1. The encapsulating Army: Cyclodextrins as excipients for antiviral drugs {#s0010}
----------------------------------------------------------------------------

Antivirals are drugs used to treat viral infections. Most antivirals are focused on the inhibition of the viral replication mechanism inside the organism, so they need to be both safe and effective to avoid damaging the host and get rid of the infection. While some antivirals are effective against many different viruses --the so called broad-spectrum antivirals-- others only target specific viruses. Overall, antiviral administration is conditioned by their physicochemical properties, such as solubility, stability and permeability. The distribution and bioavailability of the drug can be optimized by using excipients, which can also be employed to reduce the dose of the antiviral needed to achieve an effective therapy. In this scenario, CDs can act as Trojan horses by hiding, protecting and slowly releasing pharmaceutical active principles in a hostile environment. Their cavity allows the encapsulation of hydrophobic groups forming inclusion complexes, without modifying the structure and the chemical properties of the guest. Alternative interaction mechanisms such as the formation of non-inclusion complexes or the solubilization through aggregates can also be present in CD solutions. The use of CDs as a drug-delivery platform for antivirals has been studied by many groups. In the present section, we will summarize the role of native and modified CDs in formulations of heterogeneous antiviral treatments and then how they are used specifically in treatments of SARS-CoV-2.

### 1.1.1. Native Cyclodextrins in general antiviral formulations {#s0015}

Nicolazzi et al. reported the formation of inclusion complexes between **Ganciclovir** (GCV), an antiviral used specifically against human cytomegalovirus (HCMV), and β-CD ([Fig. 3](#f0015){ref-type="fig"} ). In this case, the CD is employed to increase the poor solubility of the drug, as well as to facilitate its penetration in the organism. The comparison between CDs with rings of different diameter revealed that the middle-size structure (β-CD) is more appropriate for the encapsulation of this drug than the narrower α-CD and the wider γ-CD ([@b0575]). GCV:β-CD inclusion complex provides an enhanced antiviral effect in different HCMV strains, even in those that developed a GCV resistance ([@b0580]). The enhanced bioavailability of these inclusion complexes allows a reduction on the dose of GCV and, consequently, a reduction in the drug's toxicity. Another example is **Ribavirin** (RBV) ([Fig. 3](#f0015){ref-type="fig"}), an antiviral used in the treatment of human respiratory syncytial virus, also employed as an oral drug against hepatitis C, hemorrhagic fever virus infections or measles virus (MEV). The use of this drug is limited by its toxicity ([@b0285]), but its complexation with α-CD or β-CD lead to a five-fold or a two-fold decrease, respectively, in the 50% inhibitory concentration (IC~50~) against both MEV strains. The antiviral activity of the complex RBV:α-CD was also demonstrated to be stronger than free ribavirin, in an *in vivo* model of measles virus (MV) encephalitis in mice, finding also a benefit of α-CD for drug delivery to the brain ([@b0350]). Even when the action mechanism still needs to be elucidated, this animal model revealed the virological and pharmacological potential of α-CD as a drug carrier for central nervous system disorders. RBV has been tested as a therapeutic treatment for SARS-CoV and MERS-CoV patients, since it has been reported to inhibit the viral 3-chymotrypsin like protease, but no significant effect was observed ([@b0945]). CDs have occasionally been used to mask the bitter taste of some antivirals, such as **Oseltamivir** phosphate (an active ingredient of Tamiflu®) ([Fig. 3](#f0015){ref-type="fig"}), which is a neuraminidase inhibitor approved for the treatment of influenza virus ([@b0730]). *In vitro* activity of this drug against SARS-CoV-2 has not been documented.Fig. 32D-structures of some antivirals that have been used in treatments for virus infections administrated with CDs as encapsulation agents. The molecules marked in the square have been tested in the treatment of COVID-19.

### 1.1.2. Modified Cyclodextrins in general antiviral formulations {#s0020}

Not only native CDs but also CD derivates have been studied as potential drug-delivery platforms to treat several viral diseases. For instance, HP-β-CD has been proved to be an effective excipient in the intravenous administration of **Letermovir**, an antiviral developed to deal with cytomegalovirus (CMV) in immunocompromised patients, such as transplant recipients or seropositive individuals ([Fig. 3](#f0015){ref-type="fig"}) ([@b0240]). The effectiveness of this formulation in phase III essays, without significant adverse events ([@b0515]), lead to the approval of the treatment, now available as Prevymis^TM^ Injection. HP-β-CD has also been reported as an effective platform for **Acyclovir** (ACV) oral delivery, a broad-spectrum antiviral used, for example, in herpes simplex (HSV) or varicella infections ([Fig. 3](#f0015){ref-type="fig"}). Nair et al. reported the formation of ACV:HP-β-CD inclusion complexes that increased the solubility of the antiviral, ensuring the dissolution of the drug in the aqueous media and its later absorption by the mucosal surface ([@b0560]). Other CD-derivate platforms have been reported to enhance the solubility and bioavailability of ACV: Piperno et al. designed a platform based on β-CD/multiwalled carbon nanotubes (β-CD-MWCNT) that showed a sustained delivery of ACV and good results interfering with herpes simplex virus 1 (HSV-1) replication, higher than with the free drug ([@b0345], [@b0520]). Cavalli and her team characterized β-CD/poly(amidoamine) copolymers ([@b0080]), βCD-poly(4-acryloylmorpholine) nanoparticles ([@b0120]) and carboxylated nanosponges ([@b0425]), as well as the effect of their use as ACV excipients. *In vitro* results were promising due to the absence of toxicity of both ACV and the CD-derivatives and to the enhanced antiviral effect shown. CD-based nanosponges have been also developed for the delivery of **Ripilvirine** (RPV), an antiretroviral drug used on the treatment of HIV ([Fig. 3](#f0015){ref-type="fig"}) ([@b0665]). Nanosponges provided an enhanced bioavailability of RPV *in vitro* and *in vivo*, compared with the administration of free antiviral and RPV:β-CD and RPV:HP-β-CD complexes. Besides that, nanosponges' high zeta potential prevents the aggregation of the nanoparticles in aqueous solution, allowing the formation of stable dispersions in the media. CD-based nanosponges are a promising drug-delivery platform because of their ability to encapsulate both hydrophilic and lipophilic drugs. On the other hand, Notario-Pérez et al. ([@b0590]) synthesized mucoadhesive vaginal discs for the controlled release of HIV antiretroviral drugs, **Tenofovir** and **Dapivirine** ([Fig. 3](#f0015){ref-type="fig"}). The presence of CDs in freeze-dried hydroxypropylmethyl cellulose gels, allowed the controlled release of the drugs and also modified the mechanical properties of the formulation by improving its resistance as well as the adherence to the vaginal mucosa during enough time to the complete liberation of the antiviral drug.

### 1.1.3. Cyclodextrins in formulations against SARS-CoV-2 {#s0025}

CDs have also been used to encapsulate possible antivirals attacking at different stages on viral lifecycle in the battle against COVID-19. **Nitazoxanide** ([Fig. 3](#f0015){ref-type="fig"}), traditionally an antiparasitic drug, has also demonstrated *in vitro* antiviral activity against MERS and SARS-CoV-2 ([@b0625]). Its interaction with β-CD has been studied by different physicochemical methods, showing that it forms inclusion complexes with 1:1 stoichiometry ([@b0650]). **Camostat mesylate** ([Fig. 3](#f0015){ref-type="fig"}), a pancreatitis agent approved in Japan, has shown to prevent nCoV cell entry *in vitro* through inhibition of the host serine protease ([@b0330]). Conflicting *in vitro* data are not able to determine if this drug has a detrimental or protective effect in the treatment for COVID-19. Supramolecular interactions studies with α-, β-, and γ-CD revealed a 1:1 stoichiometry for all the complexes formed ([@b0400]). The results also suggested that the cavity size of γ-CD, rather than those of a α- or β-CD, is required to accommodate the guanidine group. This study also showed a multimodal molecular encapsulation with this larger CD. The combination of **Lopinavir (LPV)/Ritonavir (RTV)**, approved for treating HIV, demonstrated *in vitro* activity against other novel coronaviruses via inhibition of 3-chymotrypsin-like protease ([Fig. 3](#f0015){ref-type="fig"}) ([@b0695]). The combination of CDs with these compounds is expected to handle their adverse effects. Based on phase solubility diagrams, Goyal and Vavia ([@b0275]) found that γ-CD and HP-β-CD form 1:1 complexes with these drugs, so both CDs are expected to be well suited to work as excipients for them. This study also suggested that the presence of non-inclusion complexes could contribute to the considerable solubilisation enhancing of LPV. Recently, γ-CD with a high degree of 2-hydroxypropyl substitutions (HP17-γ-CD) proved to considerably increase the solubility of LPV ([@b0015]). The preparation method of the complex has also been discussed, showing higher solubility improvement by supercritical assisted spray drying (SASD) compared with co-evaporation (CoEva). Very recently, a third active compound, interferon β-1b, was added to this cocktail with promising results ([@b0340]). **Remdesivir (GS-5734)** ([Fig. 3](#f0015){ref-type="fig"}) has been brought up as a hopeful antiviral for treating Covid-19 ([@b0860], [@b0855]). This compound is relatively insoluble and chemically unstable in aqueous media. In order to increase its solubility, Gilead Inc. patented last 2019 a method for comprising Remdesivir, jointly dispensed with CDs ([@b0410]). Remdesivir was first described to specifically treat the Ebola Virus Disease, but simultaneously presented as a broad spectrum antiviral (with potential to act *in vitro* against other pathogenic RNA viruses, including filoviruses, arenaviruses, and coronaviruses) ([@b0870]). In this first study, the vehicle used for carrying the drug consisted already in a solution of 12% SBE-CD. Other clinical trials for SARS-CoV and MERS-CoV virus have explicitly mentioned the usage of CDs as vehicle for Remdesivir (at the same percentage) ([@b0225], [@b0740], [@b0735]). They found that indeed this CD derivate is useful for an intravenous solution and showed how to prepare it. In this study, it was assumed a 1:1 complex, in agreement with the experimental observation that the drug solubility and the amount of CD are linearly dependent. It should also be remarked that upon addition of NaOH, the complex did not break, which was surprising, in their own words, as *increasing the pH can result in weakened or broken complexation.* SBE-β-CD can be used for parenteral administration of the drug, but it has been reported to exhibit physiological adverse effects on kidney. The antimalarial drug, **chloroquine** ([Fig. 3](#f0015){ref-type="fig"}) and its derivate, **hydroxychloroquine**, have been also been tested in the treatment of patients infected by SARS-CoV-2 ([@b0260], [@b0825]). The enantioseparation of this racemic drug has been studied by several groups using CDs as chiral selectors, suggesting that the presence of carboxyl or sulphate functional groups on CD derivatives is advantageous for the resolution of chloroquine enantiomers ([@b0570]). Despite being a hydrophilic drug, it was shown that both solubility and bioavailability of chloroquine diphosphate could be enhanced and some of its side effects reduced after encapsulation with CDs, in a 1:1 stoichiometry ([@b0050], [@b0680]). However, recent studies have suggested a limited efficacy of both drugs against COVID-19 ([@b0265], [@b0850]).

1.2. Collaborative weapons: Cyclodextrins as stabilizers or co-drugs {#s0030}
--------------------------------------------------------------------

As it was shown with the Last Alliance of Elves and Men in response to the threat of conquest by the Dark Lord Sauron, unity makes strength, and that should be considered in any battle. Synergy between different combined compounds often results to be much more powerful than additive effect of different separate compounds. It has been shown that CDs can strengthen the effect of other molecules, including monoclonal antibodies as well as other proteins, peptides or even nucleotides, to enhance their activity in the combat against pathogenic agents ([Fig. 4](#f0020){ref-type="fig"} A). Therapeutic proteins are often combined with CDs in pharmaceutical formulations to stabilize their structure against denaturation and aggregation during storage and shipment ([@b0115], [@b0250], [@b0725], [@b0720], [@b0800]). Monoclonal antibodies directed against key inflammatory cytokines or other aspects of the immune response represent another potential class of adjunctive therapies for COVID-19. The rationale for their use is that the underlying pathophysiology of significant organ damage in the lungs and other organs is caused by an amplified immune response and cytokine release, or "cytokine storm". ([@b0535]). More than 130 monoclonal antibodies have already been approved for clinical use. Moreover, a broad range of therapeutic antibodies are also undergoing clinical trials ([@b0485], [@b0500]). The main part of these formulations is administered parenterally. However, pulmonary route is a potential alternative for local and/or systemic delivery of proteins/peptides ([@b0090], [@b0360]). There are several obstacles in the formulation of inhalable proteins or peptides including intrinsic instability and drug permeation across the nasal membrane ([@b0070], [@b0715]). It has been demonstrated that HP-β-CD and β-CD have a marked effect in the stability and particle properties of spray-dried IgG. The type of excipients as well as its concentration in antibody formulation influenced yield, particle size, aerodynamic behavior and antibody stability. In particular, HP-β-CD not only enhanced aerosol performance of the powder, but also contributed to preserve the secondary structure of the protein and inhibited its aggregation during spray drying. Optimal particle property and antibody stability was obtained with proper combination of CDs and simple sugars, such as trehalose ([@b0655]). Recent findings have also suggested that polypseudorotaxane hydrogels consisting of α- or γ-CD and PEG (mw 20,000 Da) markedly improved stabilities of human IgG against heating and shaking ([@b0320]), suggesting them as stabilizers for antibody drugs without changing their pharmacokinetics ([Fig. 4](#f0020){ref-type="fig"}B) ([@b0315]).Fig. 4A. Representation of CDs interacting with a protein; the classical inclusion involves aromatic aminoacids. B. Stabilization of Antibodies by Polypseudorotaxane Hydrogels (reproduced with permission from Yakugaku Zasshi, 139, 175--183. Copyright 2019. The Pharmaceutical Society of Japan) ([@b0325]).

Based on early case series from China, it has been reported that interleukin 6 (IL-6) could be a key driver in the dysregulated inflammation caused by COVID-19 ([@b0925]). Thus, monoclonal antibodies against IL-6 could theoretically dampen this process and improve clinical outcomes. Some of the monoclonal antibody IL-6 receptor antagonists employed in COVID-19 treatments are **Tocilizumab** ([@b0415], [@b0890]) and **Sarilumab** ([@b0700]). Other monoclonal antibody or immunomodulatory agents in clinical trials in China or available for expanded access in the US include **Bevacizumab** (anti--vascular endothelial growth factor medication; NCT04275414), **Eculizumab** (antibody inhibiting terminal complement; NCT04288713) and **Fingolimod** (immunomodulator approved for multiple sclerosis; NCT04280588). It was found that low amounts of Fingolimod in a free form, as a salt, or as a phosphate derivative could be stabilized for long periods of time, using CDs, for oral administration. The use of the CD in the formulation process permits the blending of the different ingredients (active substance and excipients) in such a way that a mixture of uniform particle size is obtained and thus an even distribution of the drug content in the final composition is ensured ([@b0660]). Several companies such as Regeneron, Wuxi Biologics, CytoDyn and Vir Biotechnology are trying to speed up the development of neutralizing antibodies against coronavirus ([@b0085], [@b0205], [@b0640], [@b0670]), based on previous successful treatments that include monoclonal antibodies to specifically target other viruses. An advantage of this strategy is the associated long-term effects of the resulting treatment.

On the other hand, interferons (IFNs) are a group of signaling proteins ([@b0220]) made and released by host cells in response to the presence of different viruses. In a typical scenario, a virus-infected cell releases interferons causing nearby cells to heighten their anti-viral defenses. IFNs belong to the large class of proteins known as cytokines, molecules used for communication between cells to trigger the protective defenses of the immune system that help eradicate pathogens ([@b0635]). Their name comes from their ability to "interfere" with viral replication by protecting cells from virus infections. IFN-α and IFN-β have been studied for nCoVs. IFN-β demonstrated significant activity against MERS ([@b0555], [@b0760]). β-CD ([@b0550]) and HP-β-CD ([@b0230]) has been suggested to play a role in the stabilization of this protein. The eventual protection of IFNs, based on patients of COVID-19 taking them for other indications ([@b0820]), is not clear and some conflicts between *in vitro* and *in vivo* with animal data were found. As it was mentioned in the previous section, very recently, the combination of IFN-β with Lopinavir (LPV) and Ritonavir (RTV) showed promising results ([@b0340]).

CDs are also proving to be extremely valuable in prevention against viral attacks on the mucous membranes in the mouth, throat and nose, which are the major source of SARS-CoV-2 exchange through expectorations and inhalation of particles from air. Some new generation mouth rinses could contribute to lower the viral load, thus preventing oral transmission. In particular, CDs have been combined with Citrox and then tested as therapeutic oral and/or nasal rinses with the aim to reduce viral load of saliva and nasopharyngeal microbiota, including potential SARS-CoV-2 carriage. Taking advantage of the vulnerability of the virus to oxidation, the use of oxidative amphiphilic CDs has also been proposed as a complementary strategy to reduce viral load in mucous membranes ([@b0105], [@b0110]).

Recently, [@b0765] discussed the mechanism and production of CD-soluble angiotensin-converting enzyme 2 (CD-sACE2) inclusion compounds in the treatment of SARS-CoV-2 infections by blocking S-proteins. sACE2, the extracellular region of ACE2 retains the enzyme activity of ACE2 and can bind to the S-protein of SARS-CoV, being able to inhibit SARS-CoV infected cells. Since the infection mechanism of SARS-CoV and SARS-CoV-2 is basically the same, sACE2 could also inhibit the infection of SARS-CoV-2. The formation of a complex of CD and sACE2 could effectively improve the water solubility of sACE2 so it meets the requirements for drug atomization inhalation. The inclusion conjugates release sACE2 after entering the body via atomization or other drug delivery means, and the released sACE2 would combine with SARS-CoV-2 S-proteins to block the virus\'s ability to infect and destroy human cells.

1.3. Using the ring as a direct weapon: Modified cyclodextrins as antiviral drugs {#s0035}
---------------------------------------------------------------------------------

Like the Ring coveted by the deranged bipolar Gollum, each CD is unique and has properties that make it different from the others. A given CD sequence, *i.e.* the type of substitution in every glucopyranoside unit and the number of such units, endows the entire structure with specific properties. Actually, the versatility of CDs relies on the possibility to introduce different chemical substitutions in the primary or secondary hydroxyl groups, as well as to control the ratio of substituted groups. It is possible to take advantage of this feature to transform CDs in powerful weapons against a variety of targets. It has been demonstrated that modified CDs can directly act as effective broad-spectrum antivirals. Thus, they can be potent weapons to fight multiple viral infections. S. T. Jones et al, synthesized very recently ([@b0355]) several biocompatible sulfonated CDs that proved to be active against a large number of herpes simplex HS-dependent viruses ([Fig. 5](#f0025){ref-type="fig"} ). These CDs are broad-spectrum virucidal, *i.e.*, they definitely destroy the virus, in contrast to virustatic agents that just block some of their action mechanisms. Additionally, they present a high barrier to viral resistance, they are biocompatible at μM concentrations and not cytotoxic. Several linkers were tested to join the sulfonic unit to the CD ([Fig. 5](#f0025){ref-type="fig"}) showing that its length and flexibility is key to provide virucidal activity. The known ability of CDs to extract cholesterol from membranes has also been proposed as an alternative viricidal action mechanism (*vide infra*). However, essays in a cholesterol rich medium highlighted that β-CD with a sulfonic group linked by an aliphatic chain of 11 carbon atoms (CD1) is antiviral in a cholesterol-independent manner. Molecular Dynamics simulations were carried out in order to determine the action mechanism of these modified CDs in the presence of glycoprotein B (gB) from HSV-2, suggesting that the CDs interacts with the binding loop of gB, producing a conformational change in the protein and thus rendering it unable to attack the host cell. The molecule has been patented and a spin-out company is being set up to continue pushing this new antiviral towards real-world use, but as far as we know it has not been tested towards SARS-CoV-2.Fig. 5Structures of modified CDs and relative effective concentrations of inhibition of HSV-2 growth. Representative snapshots of the modified CDs interacting with HSV-2 gB proteins after 50 ns of Molecular Dynamics simulations. Reproduced (with corrections over the original) with permission from Science Advances, 6, 5, eaax9318. © The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) <http://creativecommons.org/licenses/by-nc/4.0/> ([@b0355]).

Another study, published prior to the COVID-19 pandemic, had already suggested different modified CDs as good antiviral candidates ([@b0630]). Adenovirus was chosen as a model system due to its known resistance to a broad spectrum of antiviral drugs. Here, novel polycationic star polymers with polyhexamethylene guanidine hydrochloride (PHMG) have been demonstrated to possess excellent antimicrobial and virucidal activity, which can be modulated by modifications in the topological structure (*i.e.*, the arm number and the monomer ratio) of the composing copolymers ([Fig. 6](#f0030){ref-type="fig"} A). Plaque assay demonstrated that the star polymer inhibits the binding of adenovirus to its cellular receptor, then blocking the cell entry, with a virucidal efficiency of 96.3% at 50 ppm. Other action mechanisms, such as cholesterol depletion, were discarded since adenovirus lacks a lipid envelope. Cytotoxicity of these structures was assessed and found to be negligible under 50 ppm concentration. Other CD derivatives with antiviral activity include conjugate compounds of γ-CD with fullerenes --showing significant antiviral activity for influenza and twice as much for OSV ([@b0930]) or terpene derivatives ([@b0815], [@b0885]) On the side of the terpene derivatives, Sulong Xiao et al. studied a series of multivalent pentacyclic triterpene-CD conjugates displaying strong anti-influenza virus activity comparable and even higher than that of Oseltamivir with a low cytotoxicity ([Fig. 6](#f0030){ref-type="fig"}B) ([@b0885]). Multiple pentacyclic triterpenes were grafted to the primary face of α-, β- and γ-CD scaffolds. They show high affinity to influenza HA protein, disrupting the interaction of hemagglutinin (a protein of the virus surface) with the sialic acid receptor and thus the attachment of viruses to host cells. A strong correlation between both the nature of the CD and the terpene and the virucidal properties was found. Too large or too small CD ring cavities were found to cause an important decrease on activity, playing the number of ligands also an important role. The structures that proved to be the most effective against influenza virus were those based on β-CD with seven pentacyclic terpenes tethered to it, with a promising IC~50~ of 1.60 μM, whereas virucidal activty of the isolated ligand was only detected at concentrations above 100 μM. Cytotoxic assays showed that the range of concentrations for virucidal activity is far below the concentration that must be reached before any harmful effects start to take place in the cells (\>100 μM). This group also essayed a similar strategy but using per-O-methylated β-CD ([Fig. 6](#f0030){ref-type="fig"}B) ([@b0815]) and, more recently, they also investigated β-CD-GA conjugates, in which a major constituent of the herb *Glycyrrhiza glabra* (Glycyrrhetinic acid), was covalently coupled to the primary face of β-CD using 1,2,3-triazole moiety along with varying lengths of linker. These structures provided promising results to be used as potential anti-influenza virus agents ([@b0450]). All these new CDs are non-toxic against host cells and they show significant antiviral activity, but the data is still limited to *in vitro* studies and more research on these molecules is required to fully understand their practical utility.Fig. 6A. Novel star-like polymers used for deactivating bacteria and viruses. Adapted from ([@b0630]). B. Top: Multivalent pentacyclic triterpene-CD conjugates (using per-O-methylated β-CD) displaying strong anti-influenza virus activity. Reproduced with permission from European Journal of Medicinal Chemistry, 134, 133-139. Copyright 2017. Elsevier. ([@b0815]). Down: Proposed mechanism for multivalent pentacyclic triterpene-functionalized per-O-methylated CD conjugates mediated blocking of influenza virus entry, wherein the multivalent pentacyclic-triterpenes tightly bind to viral homotrimeric HA protein, thus disrupting the attachment of viruses to host cells. Reproduced with permission from European Journal of Medicinal Chemistry, 134, 133-139. Copyright 2017. Elsevier. ([@b0815]).

Recently, we discuss the mechanism and production of cyclodextrin-soluble angiotensin-converting enzyme 2 (CD-sACE2) inclusion compounds in the treatment of SARS-CoV-2 infections by blocking S-proteins. On the basis of the current research evidence, we believe that CD-sACE2 inclusion compounds have the potential to treat COVID-19.

1.4. Sentinels to prevent invasions: Cyclodextrins in antiviral vaccines {#s0040}
------------------------------------------------------------------------

The production of stable vaccines for COVID-19 is a global urgency, with a large number of initiatives in progress since the release of the 2019-nCoV genetic sequence in early January 2020. Most projects are based on non-living subunits and mRNA technologies, which require efficient, stable and safe adjuvant components to stimulate immunity ([Fig. 7](#f0035){ref-type="fig"} ). Intranasal vaccination with inactivated viral antigens is an attractive and valid alternative to currently available influenza (flu) vaccines. T. Kusakabe et al. examined whether HP-β-CD could act as a mucosal adjuvant for this treatment ([@b0395]). HP-β-CD seems to prevent the production of active immunoglobulins E (IgE), which can lead to autoimmunity; in contrast to classical adjuvants such as alum, which is well known to cause this problem. Thus, the use of HP-β-CD reduces the risk of inducing allergic IgE responses. Nevertheless, injection of HP-β-CD can also provoke some acute inflammation in lymphatic nodes but no systemic cytokine response was observed after injection in mice ([@b0615]). HP-β-CD also induced dendritic cells maturation and its subsequent activation of the T cells. It augmented the antigen-specific IgG in the blood. HP-β-CD predominantly induced IgG1 but not IgG2, indicating preferential enhancement of Th2 responses rather than Th1 responses. Type 2 T-helper (Th2) cell response, enhances antigen (vaccine)-specific antibody titers, maintains a longer immune response and induces the maturation of dendritic cells vital for a long lasting effective immune response ([@b0375], [@b0615]). HP-β-CD was selected because it has proved to be highly biocompatible. A common influenza vaccine containing 30% of HP-β-CD as adjuvant increased in the production of antibodies and produced a 100% survival rate in mice challenged with a lethal dose of influenza virus. The response produced by the vaccine takes place in every part of the body and does not remain localised at the administration site ([@b0375]). It was also found that intranasal or subcutaneous administration of HP-β-CD increased the immunogenicity of influenza vaccines. HP-β-CD seems to be appropriate as a mucosal adjuvant because it induces antigen-specific IgA and IgG in the airway mucosal tissues as well as in the blood.Fig. 7Scheme of a CD-based mRNA vaccine platform, with an optimized mRNA structure and administrated in a most appropriate route. Adapted from ([@b0780]).

Vaccine compositions comprising inactivated poliovirus in combination with CDs, both natural and derivatized, wherein the CDs thereof protects and preserves the antigenicity and/or immunogenicity of inactivated poliovirus, especially in presence of thiomersal has also been patented ([@b0125]). The authors have unexpectedly found that CDs are capable of minimizing the degradation of IPV (Inactivated Polio Vaccine or Virus) in presence of thiomersal, in particular in the situations described above. Whereas CDs have a wide range of applications in different areas of drug delivery and pharmaceutical industry, they have never been reported as protectant of IPV antigenicity and/or immunogenicity. More particularly, the inventors observed that CDs are capable of minimizing the loss of D-antigen titer of IPV blended to a composition comprising thiomersal and alum. The composition comprises at least one type of CD, preferably γ-CD or β-CD and hydroxypropyl, hydroxyethyl, glucosyl, maltosyl or maltotriosyl CD derivatives.

Based on this precedents, some researchers suggest the potential application of HP-β-CD as an adjuvant in developing successful vaccines for 2019-nCoV prevention ([@b0675]). Daiichi Sankyo is already conducting a Phase I clinical trial in Japan for their HP-β-CD adjuvanted influenza split vaccine [@b0195]), which started in October 2017 and it can be the first CD-adjuvated vaccine.

1.5. Trying to break the enemy's borders: Cyclodextrins as cholesterol trappers to damage the viral capsid membrane {#s0045}
-------------------------------------------------------------------------------------------------------------------

Lipid membranes are key structural part of many viruses, including SARS-CoV-2. Their main functions are to encapsulate the genetic material and also to interact with the environment through a number of partially-embedded partially-protruding proteins. The disruption of this membrane definitely destroys the virus. The presence of lipid rafts in such membranes is also though to play an important role in the virus life cycle ([@b0440], [@b0480], [@b0525], [@b0565], [@b0620], [@b0710]). Cholesterol, which is known to participate in the integrity and fluidity of bilayers, is one of the main components of these lipids rafts ([@b0385]). Several diseases, such as Alzheimer, cancer, and atherosclerosis, have been related to the presence of cholesterol and other sterol derivatives in biological membranes ([@b0030], [@b0805]). The fluidity of membranes is a key point in the interaction between viruses and cells ([@b0900]). Zawada et al. found that Influenza virions are enriched in cholesterol with respect to healthy cell membranes ([@b0910]). Additionally, they proposed that whereas this process is sensitive to concentration, it is not dependent on sterol identity for any of the sterols that they tested. Other studies revealed the requirement for cholesterol in liposomes for the fusion of Influenza virus ([@b0595]), as well as the clear effect of such molecule in the kinetics of this process ([@b0235]).

CDs have shown to be able to effectively extract and encapsulate cholesterol from lipid membranes ([@b0180], [@b0420], [@b0495], [@b0585], [@b0940]). A large evidence and quantitative analysis of cholesterol trapping by different CD derivatives has been carried out during the last two decades by different experimental and theoretical methods. It was concluded that β-CDs are more prone to encapsulate sterol molecules than α-CD and γ-CD ([@b0605], [@b0610]). Although this selectivity has been attributed to the differences in the cavity size, it is important to note that the inner cavity of a single β-CD is too narrow (diameter of \~8 Å) for totally host a cholesterol molecule (\~18 Å wide). This fact, together with a quantitative thermodynamic analysis, suggests that two stacked β-CDs are required to encapsulate this molecule ([@b0830]). Another important parameter to take into account for an effective trapping is the water solubility of the CD itself ([@b0215]). The solubility of native β-CD is relatively low (about one order of magnitude lower than that of α-CD and β-CD). In order to increase it, a number of β-CD derivatives have been synthesized introducing different chemical modifications in the hydroxyl groups at positions 2, 3 and 6 or the glucopyranoside units. HP-β-CD and Me-β-CDs are probably the most used in cell biology studies ([@b0835]). Me-β-CDs has shown to be more efficient than HP and tetradecasulfated-β-CDs to encapsulate cholesterol ([@b0055], [@b0165], [@b0160], [@b0370]). The extraction of cholesterol from lipid bilayers has also been simulated by Coarse-Grained Molecular Dynamics simulations using a constrained Me-β-CD dimer ([@b0475], [@b0470]) ([Fig. 8](#f0040){ref-type="fig"} B).Fig. 8A. Schematic representation of the mode of action proposed for the RAMEB against influenza viral particles. RAMEB sequesters membrane cholesterol, resulting in damage to the integrity of the viral envelope. Reproduced from ([@b0095]) under Creative Common CC BY license. B. Proposed model for CD-mediated cholesterol extraction from lipid model membranes, based on Molecular Dynamics simulations: Reproduced from ([@b0470]) under Creative Commons Attribution License. C. Proposed model for infectivity in SARS-CoV-2 in presence of cholesterol (lipid rafts) and with age and chronic disease (D). When cholesterol is low there are very few entry points and their diameter is small (similar to children). With age, average cholesterol levels in the tissue increase, thereby increasing the number and size of viral entry points (similar to adults). Reproduced from ([@b0860]), under CC-BY-NC-ND 4.0 International license.

Taking advantage of such cholesterol trapping capabilities and considering the excess of cholesterol in viral envelopes with respect to healthy cells, the use of β-CD derivatives to treat viral infections has been suggested ([@b0095]). It has been recently demonstrated that randomly methylated β-CDs (RAMEB) are able to reduce the infectivity of viral particles of influenza A (H1N1 strain) by cholesterol depletion ([@b0770], [@b0840]). The proposed mechanism ([Fig. 8](#f0040){ref-type="fig"}A) is that the extraction of cholesterol by CDs from the lipid rafts lead to the structural deformation of the viral membrane, being even possible to form holes ([@b0075]).

Me-β-CDs have also been used to inhibit the attachment of coronaviruses to host cells, again via cholesterol depletion ([@b0300]). Moreover, Choi et al. have shown that this CD provides good activity in the treatment of murine coronavirus ([@b0155]). In this case, the use of the CD does not affect the virus binding, but it is able to reduce the virus entry and the cell--cell fusion by reducing the amount of cholesterol present in the membrane. The efficiency of Me-β-CDs against coronavirus, influenza A, and canine coronavirus infections have been also probed in Vero E6 cell lines following the same mechanism ([@b0480], [@b0490]). Furthermore, Tang et al. have highlighted the role of the cholesterol in the Parainfluenza Virus Type 3, observing a markedly reduction in the infectivity of this virus again via the elimination of cholesterol by Me-β-CDs ([@b0795]).

The importance of the cholesterol in the initial steps of SARS-CoV infection has already been proved ([@b0270], [@b0530]). Additionally, very recently it has been found an abnormally low cholesterol concentration in serum among patients with COVID-19 infection, claiming again that it is playing a significant role ([@b0335]). The use of CDs for the treatment of viral infections, trying to use their cholesterol depletion capabilities in order to inhibit the virus contagion, is becoming increasingly popular ([@b0060]). HIV and hepatitis C have been successfully treated in this way already for a long time, reaching almost complete abolishment of infectivity by HIV-1 virions ([@b0280], [@b0305], [@b0685], [@b0790]). The ability of these CDs to reduce viral infectivity has also been demonstrated against human metapneumovirus (HMPV) ([@b0150]), herpes simplex virus 1 (HSV-1) ([@b0880], [@b0875]), varicella-zooster virus (VZV) ([@b0310]) and a less common one, the Newcastle disease virus (NDV) ([@b0100], [@b0510]).

Other formulations have also been proposed, as the one developed recently by ASDERA (Advanced Statistics for Drug and Diet Exploration, Repurposing, and Approval). They suggest the use of an intestinally absorbed oral α-CDs against SARS-CoV-2, reducing the serum phospholipids by "intermittent fasting mimetic" ([@b0045]).

In summary, given the significant influence of cholesterol in virus infections, the use of molecules able to specifically target it represent promising weapons against pandemic diseases like COVID-19. Under this panorama, CDs have been confirmed as well suited candidates for this challenge.

1.6. Intercepting messages of the enemy: Cyclodextrins in RNA therapies {#s0050}
-----------------------------------------------------------------------

RNA interference (RNAi) was proposed in the late 1990s as a method to silence pathogenic gene targets, including viral RNA. This technique consists in using small complementary RNA duplexes to target and neutralize specific mRNA molecules with identical sequence to specifically inhibit gene expression or genetic translation. Preliminary studies with SARS-CoV demonstrated the feasibility of developing siRNAs as effective anti-SARS drugs ([@b0135], [@b0745], [@b0865], [@b0915]). More than thirty patents describing the use of RNAi for therapeutic treatment of SARS can be found in the CAS content collection, including siRNA molecules, antisense oligonucleotides, RNA aptamers, microRNA inhibitors and even ribozyme ([@b0455]). Some of these patents propose siRNAs Targeting Coronavirus Proteins M, N, or E, or the Replicase and RNA Polymerase Region.

The most important limitation in the use of this technology is the delivery of the RNA-drug to reach the cytoplasm of the target cell maintaining its integrity, since siRNA is highly unstable (half-life \< 1 h in human plasma). CDs are well suited to help in this task due to their very low toxicity and versatility to include different chemical modifications ([@b0145], [@b0245]; [@b0600]). CDs have been specifically grafted to self-assemble in the presence of nucleotides thus encapsulating and so protecting them from degradation ([@b0545], [@b0690]). For this aim, cationic modifications in CDs showed to be well suited since DNA and siRNA are negatively charged, so the predominant interaction is through complementary electrostatic charges ([@b0295]). ([Fig. 9](#f0045){ref-type="fig"} A) The additional introduction of hydrophobic groups lead to liquid-crystalline structures which can also be used as gene delivery vectors ([@b0190]). CDs can also be part of the delivery system to modify its properties. For instance, they have been incorporated to the backbone of polymers ([@b0210]), appended to pre-existing polymeric or dendrimeric vectors ([Fig. 9](#f0045){ref-type="fig"}B) ([@b0035], [@b0645]), or in polyrotaxane systems ([Fig. 9](#f0045){ref-type="fig"}C) ([@b0445], [@b0905]).Fig. 9A. Examples of functionalised CD gene and siRNA delivery vectors. B. Schematic representations of various CD-containing polymers. C. Cationic polyrotaxanes consisting of oligoethylenimine-conjugated CDs threaded onto co-polymers of poly(propylene oxide) (PPO) and poly(ethylene oxide) (PEO). CDs conjugated to PAMAM dendrimers. Figures reproduced with permission from Pharmaceutical Nanotechnology, 1, 6--14. Copyright 2013. Bentham Science Publishers Ltd. (M. [@b0600]).

Antisense oligonucleotides are promising agents to treat viral infections due to their high specificity against particular species or strains ([@b0020]). However, their therapeutic use is limited by their susceptibility to be degraded by nucleases before reaching their target, although this can be partially avoided by modifying their saccharide backbone. By incorporating β-CD as encapsulating agent in the formulation, a system containing a phosphodiester oligo directed toward the initiation region of the mRNA coding for the spike protein and containing the intergenic consensus sequence of an enteric coronavirus was designed ([@b0005]). CDs proved to increase the stability of the oligo, by protecting it from degradation. Antisense oligonucleotides have been developed not only for treatment and/or prevention of SARS virus but also for diagnosis purposes. Hybrid DNA/RNA antisense oligonucleotides have been designed to disrupt the pseudoknot in the frameshift site of the SARS coronavirus RNA ([@b0185]). Other antisense oligonucleotides have been proposed to target proteins involved in inflammatory processes caused by viruses ([@b0455]).

1.7. Blood on the battlefield: Cyclodextrins as anticoagulant agents {#s0055}
--------------------------------------------------------------------

A large range of symptoms have been reported for COVID-19. Coagulopathy and disseminated intravascular coagulation were reported to appear in most of deaths ([@b0785]). Anticoagulant or blood thinner factors such as heparin, have been recommended for critically ill patients, although their efficacy has not been validated yet ([@b0755]). Low molecular weight heparins (LMWHs) ([Fig. 10](#f0050){ref-type="fig"} ) are considered to be as effective as unfractionated heparin (UFH) to treat deep vein thrombosis and pulmonary embolism, and it is safer since they provoke a lower immune sensitization ([@b0750]). In the same line as other antiviral drugs and vaccines, nasal delivery of these anticoagulant factors has been proposed. In general, this method proved to act quicker than standard subcutaneous administration but in the case of LMWHs, their structural and physicochemical properties (still relatively high molecular weight of \~5000 Da, hydrophilicity and strong negative surface charge) require the assistance of an absorption promoter ([@b0040]). As stated above, CDs are well suited for this end. In particular, dimethyl-beta-cyclodextrin (DM-β--CD) proved to be highly efficient to enhance absorption of LMWHs both *in vitro* and *in vivo*. The action mechanism seems to be the opening of the tight junctions between cells ([@b0895]).Fig. 10A. Heparin 2D structure. B. Examples of various amphiphilic CDs. Neutral (A,B,C), positively (D,E,F) and negatively (G,H) charged, reproduced with permission from Advanced Drug Delivery Reviews, 65, 1215--1233. Copyright 2013. Elsevier ([@b0920]). C. Representation of a co-assembly of amphiphilic multi-charged CDs and vitamin K (represented as green octahedrons). After de arrow, heparin (pink wires) capture and vitamin K releasing process, reproduced with permission from Chemical Communications, 55, 11790--11793. Copyright 2019. Royal Society of Chemistry ([@b0435]).

Controversially, CDs have been proposed and tested as heparin antidotes in a recent patent ([@b0540]). The employed CD includes at least one -S-(Cn-alkylene)-R substituent and it is intended to reverse the effect of anticoagulant agents. These CDs have also been proposed as sensors to detect heparin levels or as heparin traps to reverse surgical procedures, in a similar way Sugammadex (a modified CD that includes eight carboxyl thio ether substituted groups in a γ-CD scaffold) is widely employed to reverse neuromuscular blockade induced by several drugs in general anesthesia ([@b0200]). Alveron Pharma is currently running a clinical study with modified CDs that promote blood coagulation by reversing the effect of blood thinners. The advantage of these CDs is that they restore coagulation independently of the type of anticoagulant used, so they are considered as universal coagulants ([@b0810]).

New amphiphilic multi-charged CDs (AMCD) have recently been developed to work as anti-heparin coagulants ([Fig. 10](#f0050){ref-type="fig"}). Their action mechanism seems to be the assembly around UFH or LMWHs to neutralize their blood-thinner effect. A formulation consisting of AMCD and vitamin K (VK) has also been proposed to simultaneously correct VK deficiency in hemodialysis patients at the same time that heparin is neutralized by the CDs ([@b0435]).

In summary, several modified CDs are well suited as highly efficient coagulation restoring factors. A number of proposals have already been developed to this aim and more research is in progress in this field.

2. Conclusions {#s0060}
==============

Making a comparison between CDs and the unique Ring of the legendary novel of *The Lord of the Rings*, J. R. R. Tolkien, the presence of these molecules in different treatments of COVID-19 have been reviewed. Their applications as encapsulating agents for antiviral drugs, as adjuvants to stabilize proteins or other molecules involved in the infection, adjuvants in vaccines, as cholesterol trappers to destabilize the virus capsid, as carriers for RNA therapies, as antivirals themselves, and even useful in anticoagulant therapies, highlight the great power of this sweet molecules. More than ever, we are in the situation to subscribe the words a thousand times pronounced by the dual character Gollum-Sméagol: "My precious".
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